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A dual-stream nozzle configuration was studied numerically with the objective of predicting 
the appearance of tones and studying their sources. It was found that some of the tones traced 
to a coupling between Strouhal shedding from the struts, which held different pieces of the 
nozzle together, and various duct acoustic modes. A focus of the work was on exploring the 
nature of the duct modes. First, elements of the numerical procedure were studied for a 4-
strut nozzle, validating the results with existing experimental data. The approach was then 
applied to a 3-strut geometry and four different excitation methods. The predicted tones and 
associated duct modes are analyzed in detail.  
I. Introduction
Public sentiment, government and airport regulations have put aircraft and engine manufacturers under a 
continuous demand for quieter aircraft [1-2]. Effective Perceived Noise Level (EPNL), a metric for quantifying the 
relative loudness of an individual aircraft in a pass-by event while factoring in human hearing response, is used to 
certify and track the historical progress of engine noise reduction. Data on cumulative aircraft noise measured by 
EPNL indicate a striking 95% reduction in the sound power since modern turbojet and turbofan engines were first 
introduced [1, 3]. Early strides were made primarily through cycle change (high-bypass turbofans) and nacelle acoustic 
treatment. However, increasingly stringent requirements are imposed on acceptable noise levels. The situation is 
exacerbated by the growth in air traffic and rapid development of urban communities surrounding airports [1-2]. One 
of NASA’s goals is to achieve substantial noise reduction for future subsonic aircraft [4]. The Far Term period of 
2035 and beyond has the noise goal of 42-52 EPNL dB cumulative below current levels [5-6]. This is a challenge 
since not all underlying causes of aircraft noise are understood.  
Jet noise is the major contributor to the engine noise for aircraft, especially during take-off. To date, efforts to 
reduce jet noise involved use of dual-stream nozzles with high by-pass ratio (ratio between outer fan flow and inner 
core flow), passive flow control devices such as chevrons, and methods by which increased turbulent mixing could be 
achieved. Future noise reduction techniques may involve adding a tertiary stream, shielding, and various 
improvements in the nozzle design. Yet another focus could be flow control inside the nozzle with built-in components 
to influence the flow development and sound radiation [7]. 
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A typical multi-stream nozzle of a jet engine is annular with structural members (struts) holding various 
components of the engine and nozzle together. The struts extend radially from the center-body to the outer annulus 
wall. Struts are designed to cause minimal disturbance to the flow. However, the struts behave as bluff bodies with 
unsteady wakes.  
Excitation of acoustic modes by vortex shedding has long been recognized in engineering practice [8-9]. Parker 
and Stoneman [9] reviewed internal flows in which acoustic oscillations are excited by vortex shedding from immersed 
bodies. For example, the uniform flow over a flat plate in a rectangular duct is shown to produce vortex shedding with 
constant nondimensional frequency (Strouhal number, St = 0.2) over a wide range of Reynolds numbers. That is, the 
dimensional shedding frequency increases continuously with increasing flow speed. This is valid under the condition 
that the vortex shedding frequency does not approach an acoustic resonance frequency of the duct. When the shedding 
frequency approaches a duct resonance, there is usually a ‘lock-in’ and the frequency remains constant over a range 
of velocities (sometimes the ‘lock-in’ can also occur with structural resonant modes of the hardware instead of duct 
modes). The pressure amplitudes under such ‘locked-in’ resonance are significantly larger than those from vortex 
shedding alone and a discrete tone is generated. For such tone generation, Strouhal shedding (or other fluid dynamic 
instabilities) acts as a stimulant but the frequencies are governed by the duct acoustic modes. Thus, it is essential to 
have a knowledge of the duct modes in order to understand the characteristics of the tones which in turn would help 
find methods for their elimination.  
The present work is a direct continuation of previous studies encountering tones in multi-stream nozzle flows [10]. 
Bridges (see Zaman et al. [11]) observed persistent tones in large-scale dual-stream nozzle tests at NASA Glenn 
Research Center (GRC). A half-scale simplified model of that nozzle was fabricated for further study in a smaller 
facility [11]. The model-scale nozzle produced resonant tones with dominant spectral spikes in a range of jet Mach 
numbers. The data suggested vortex shedding from the inner channel struts as the stimulus which excited various 
duct acoustic modes. Although a preliminary numerical simulation [11] revealed the coupling between vortex 
shedding from struts with the duct modes, it could not explain the nature of the duct modes at various resonant 
frequencies. Many other questions persisted. This provided the motivation for the current numerical study.  
The simulation is first carried out for the 4-strut dual-stream nozzle geometry of Zaman et al. [11] to assess various 
elements of the numerical procedure. The approach is then applied to a 3-strut nozzle configuration, the interest 
stemming from the fact that three struts have been used in many previous nozzles including in the large-scale test of 
Bridges [11]. Different excitation methods are employed to find the resonant frequencies and the associated duct mode 
characteristics. These results are discussed herein.  
II. Prior Experimental and Simulation Work
The experimental data used in this study were obtained in an open jet facility at NASA GRC with the 4-strut 
nozzle. The details of experimental setup and nozzle geometry are provided in Ref. [11]. The nozzle pictures in Figs. 
1(a)-(b) feature its side-view and rear-view, respectively. The drawing of the assembly is shown in Fig. 2 with 
annotations identifying various components. The inner nozzle and the center-body are held together with respect to 
the outer shell of the assembly by the four struts, placed in a ‘cross’ shape as shown in Fig. 3. Thus, both the outer and 
the inner flows encounter four struts spaced equally in the circumferential direction.  
It was found experimentally [11] that frequencies of the 4-strut nozzle tone vary in stages with the increase of the 
jet Mach number as seen in Fig. 4. Each stage has a Strouhal number of about 0.3, based on the strut thickness, close 
to the expected value for the von Karman vortex shedding. In the following the terminologies, von Karman shedding, 
Strouhal shedding, or simply shedding will be used interchangeably. The phenomenon was studied systematically 
focusing on four jet Mach numbers corresponding to four dominant stages in the frequency variation. Corresponding 
sound pressure level spectra are shown in Fig. 5, at jet Mach numbers Mj = 0.168, 0.26, 0.345, and 0.427, that exhibit 
spikes at frequencies 4.5, 7.75, 9.5 and 12.38 kHz, respectively. The spikes were ultimately tied to shedding from 
struts in the inner duct. A telltale sign was the elimination of the spikes with the introduction of structural 
nonuniformities on the inner struts that broke the organized vortex shedding. 
The results of simulation study [11] for the no-flow condition are also compared with the present investigation. 
The center-body with four struts is shown in Fig. 6 to better illustrate the computational domain, the location of the 
inner ‘driven’ strut, and a cross-sectional plane where the pressure distribution was monitored. The computational 
domain starts upstream of the split between the core- and bypass-flow paths, and extends downstream to just past the 
tip of the center plug. All the walls are modeled with rigid (‘sound hard’) boundaries, i.e. normal derivative of the 
pressure is set to zero. The upstream boundary has a plane wave radiation condition. The downstream radial and 
axial surfaces use a spherical wave radiation boundary condition with radiating source on the jet axis at the inner 
nozzle lip. The ‘driven’ strut has panels on either side of the trailing edge marked blue as seen in Fig. 6. In order 
to simulate vortex shedding from the strut, a pressure boundary condition ±1 Pa is imposed on the marked panels 
driving them 180° out of phase. The amplitude of the harmonic pressure source is set arbitrarily at 1 Pa. The
monitored plane (light red) is located just downstream of the strut trailing edge. The simulation [11] yielded 
resonances at the same frequencies as in the experiment at three of the four jet Mach numbers. This was quite 
encouraging. However, as already stated, many questions remained regarding the aspects of the computational 
procedure as well as about the mode shapes. These are studied further in the following starting with the same 4-strut 
nozzle geometry.  
III. Numerical Procedure
The numerical approach in this study differs from that of Zaman et al. [11] in the following aspects: the solver 
method, model of excitation applied to the boundary condition, and the metric of the resonance strength. The 
simulation data were first obtained for the 4-strut nozzle and compared with the experimental measurements. 
Subsequently, the analysis was done for the 3-strut geometry (Fig. 7) and additional excitation methods. 
The commercial software COMSOL Multiphysics 5.3 was used. The ‘Pressure Acoustics, Frequency Domain’ 
interface captured the interaction between acoustic waves and nozzle geometry for a given perturbation. The 
propagation of sound waves, their interactions with solid surfaces, and interference were analyzed by solving wave 
equations. [12] All analysis was done for the no-flow condition with the assumption that the internal duct velocities 
are relatively low, so the impact of flow would be minor. 
The Frequency Domain solver provides several options to perform a frequency sweep. The default setting, used in 
Ref. 11, solves the problem of harmonic excitation at a set of specified excitation frequencies. The exact solution is 
calculated explicitly at every frequency. However, the aforementioned approach was time- and resource-consuming 
for the large frequency sweep range [2 – 12 kHz]. This prompted the consideration of the Frequency Domain Modal 
Superposition method which reconstructs the frequency response based on a specified set of eigenmodes. Solution is 
obtained in two steps: eigenfrequency analysis captures the eigenmodes and other necessary information, and these 
results are reused in the Modal Superposition study. To obtain results with the Modal Superposition solver up to the 
highest desired frequency (fmax), the upper limit in eigenfrequency search is set to 2fmax to satisfy the Nyquist 
sampling-theorem.  
For accuracy and efficiency, the analysis for the 4-strut nozzle is done in four segments with frequency ranges [3 
– 5 kHz], [5 – 7 kHz], [7 – 8.5 kHz] and [8.5 – 10 kHz].  Corresponding ranges applied for the 3-strut nozzle are [2 –
5 kHz], [5 – 7 kHz], and [7 – 10 kHz]. In order to correctly resolve the highest frequency of the given range, at least 
five mesh elements should be used to resolve each wavelength. The majority of cases were run with the maximum 
mesh element size set to 1/8 of the shortest wavelength present, c_air/fmax.  
In terms of excitation, Zaman et al. [11] specified the amplitude of the harmonic pressure source (±1 Pa). The 
present study is using ‘linper-operator’ as a load term [12]. Specifically, linper(±1) are periodic excitations with 
amplitudes ±1 Pa imposed on strut-panels next to the trailing edge. In the following, this is referred to as ‘strut-panel 
excitation [1,-1]’. The linper-operator informs the solver that pressure is a perturbation (a source term) which must be 
included in the linearized problem [12]. The driven strut and ‘strut-panel’ locations marked in black are shown in Figs. 
8 and 9 for the 4- and 3-strut nozzles, respectively. 
While Ref. [11] employed maximum pressure amplitude within the domain and corresponding maximum RMS 
velocity, in the current study the absolute acoustic pressure averaged over the volume, 
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metric for the response to the excitation. Either criteria identifies the resonant condition adequately. 
IV. Results
The response function (pave) versus the perturbation frequency for both strut configurations and strut-panel 
excitation [1, -1] are shown in Fig. 10. The 4-strut nozzle case in Fig. 10(a) exhibits peaks at 4.56, 6.81, 8.07 and 9.55 
kHz, three of which were seen in the experimental data of Fig. 5. The peak at f = 6.81 kHz is the tone observed at Mj 
= 0.242 and noted in Fig. 4. Barely discernable in Fig. 10(a), most spectral peaks reveal dual apices upon an 
amplification of the frequency scale. Dual apices are also seen in the maximum pressure response function of Zaman 
et al. [11] at 4.58, 6.8, 8.1 and 12.7 kHz. In cases with two such peaks at relatively close frequencies, the one with the
higher amplitude was chosen as the resonant frequency. Frequencies higher than 10 kHz were considered time- and 
resource-prohibitive, and are not included in the study.  
Table 1 compares the data obtained from the previous [11] and current simulations. Recall that the simulations 
differ in the solver method, model of excitation, and metric of resonance strength. The agreement around 4.56 and 
8.07 kHz between the two solutions is good. A scrutiny of the results in Ref. 11 also shows concentration of energy 
around 6.8 and 9.55 kHz. In the present simulation, frequencies above 10 kHz are not covered and hence the 12.69 
kHz peak is absent in Fig. 10(a). Note furthermore that simulation data agree quite well with experimentally 
observed resonant frequencies. The results give confidence in the predictive capacity of the model, which is 
now used to examine the 3-strut geometry (Fig. 7). As stated before, the driven strut and ‘strut-panel’ locations 
marked black are illustrated in Fig. 9. The corresponding results shown in Fig. 10(b) exhibit prominent resonant 
frequencies at 4.89 and 6.59 kHz. There are also energy concentrations at other frequencies such as 3.43 and 9.24 
kHz.  
Table 1 Comparison of the predicted resonant frequencies 
f(Hz) 
Mj Simulation 
Experiment[11]
Zaman et al.[11] Current 
4575 4564 4460 0.168 
- 6809 - 0.242 
8095 8072 7760 0.260 
- 9546 9760 0.345 
12690 - 12375 0.427 
Acoustic pressure distributions in the domain (mode shapes) for various resonant frequencies are examined for the 
applied strut-panel excitation [1,-1]. The 4-strut pressure distributions on the monitored plane are shown in Figs. 11 
(a)-(d) for 4.56, 6.81, 8.07, and 9.55 kHz, respectively. A standing wave is established among the struts in each case. 
Pressure distributions are characterized with alternating negative and positive regions between struts. Patterns for f = 
4.56 and 8.07 kHz have dual ‘antisymmetry’ across a diameter containing the opposite struts. ‘Antisymmetry’ here 
refers to the pressure regions, and does not extend to the pressure magnitudes within the region. Pressure maxima are 
comparable and large (6.3 and 6.7 Pa, respectively). As noted in Zaman et al. [11] the resonant frequencies exhibit 
amplification at the non-driven struts, a condition that would be conducive to synchronized Strouhal shedding in cases 
with flow. The resonant frequency of 4.56 kHz has only one pressure region between two adjacent struts, and 
corresponds to the tone at the lowest stage observed in Fig. 4. It is thus considered the fundamental. The mode shown 
in Fig. 11(c) has two pressure cells between the struts, and is therefore the first harmonic. The pressure distributions 
in Figs. 11(b) and (d) are of smaller amplitudes and factors leading to the complex shapes are not well understood. 
In some of the figures in the following, the results for the 4-strut and the 3-strut cases are shown side by side for 
comparison. The 3-strut pressure distributions for the applied strut-panel excitation [1,-1] are illustrated in Figs. 12 
(a)-(d) for 3.43, 4.89, 6.59, and 9.24 kHz, respectively. Again, patterns are characterized with alternating negative and 
positive regions. Note that the shape and frequency in Fig. 12(b) is practically identical to that seen in Fig. 11(a). Thus, 
it appears that the same duct mode is being excited even though the number of struts here is three. Same as in the 4-
strut case, all patterns exhibit antisymmetry across a plane containing the excited strut-panels. Pressure maxima for 
the two resonant frequencies (4.89 and 6.59 kHz) are large (3.8 and 6.8 Pa, respectively). In Fig. 12(c) the mode 
shape has six cells. Between adjacent cells is a region of pressure nodes. Three of these pressure nodes coincide with 
the location of the three struts. This is a case where synchronized shedding from the struts might be expected in a 
scenario with flow. In other words, if the shedding frequency were close to 6.59 kHz, a resonant tone would be 
expected. Therefore, the strut spacing appears to play a critical role in dictating the resonance condition.  
While the pressure distributions in Figs. 11 and 12 pertain to a given phase within the excitation cycle, the 
variations with phase are examined in Figs. 13 and 14 at the strongest resonance cases. The 4- and 3-strut 
configurations at 4.56 and 6.59 kHz are illustrated with four phases in Figs. 13 and 14, respectively. Mode shapes stay 
the same; however, there is a switchover of the cell distribution with phase, and a change in maximum values of 
pressure amplitudes. The 4-strut nozzle experiences a maxima range from 5.4 to 6.3 Pa, while the 3-strut nozzle 
undergoes larger changes from 6.8 to 8.6 Pa.  
Recall that the spectral peaks often consisted of dual apices. The pressure distribution at the monitored plane is 
interrogated for the 4-strut configuration across the dual apices. An example is shown in Figs. 15(a)-(h) which include 
local maxima at 8.07 and 8.11 kHz, with amplitudes of 6.7 and 4.2 Pa, respectively. The former is shown in Fig. 15(a) 
with two similarly sized pressure cells of opposite sign in an intra-strut space. Upon closer examination, it is noted 
that pressure magnitudes in regions adjacent to the excited strut-panels are not uniform. Areas of higher pressure are 
found close to the outer perimeter. Increase in frequency changes cell size and pressure distribution. Cells next to the 
excited strut occupy progressively more space. Finally, only three regions are seen at each side of an excited strut in 
Figs. 15(c)-(d). Next, a cell-in-cell pattern appears. A large cell adjacent to the excited strut is about the size of the 
intra-strut space, and contains a new cell of an opposite sign at the outer perimeter. The growth of new cells returns 
the distribution (Fig. 15g) to the eight-cell pattern seen in Fig. 15(a). 
Select iso-surfaces of pressure and RMS velocity corresponding to the dominant spectral peaks are shown in Figs. 
16 and 17 for 4- and 3-strut nozzle configurations, respectively. Complex mode shapes within the entire domain are 
seen in these plots. Figure 16 represents the fundamental mode for the 4-strut case. The ± 1 Pa iso-sufaces (light blue 
and light red color) touch the excited strut-panels (black). Recall that the driving disturbance is also of that amplitude. 
Careful examination confirms that these iso-surfaces connect all four struts both at the leading and trailing edges. 
Amplified pressure at the non-driven struts suggests that vortex shedding from the four struts in the case with flow 
would be synchronized, resulting in a resonant tone. Regions of high pressure (±7 Pa) are found in the intra-strut 
space against the outer wall of the inner channel. These are locations of pressure anti-nodes; consequently, the 
struts are pressure nodes as well as anti-nodes for induced velocity [11], as illustrated in Fig. 16 (c). Iso-surfaces of 
high-level RMS velocity (0.02 m/s) are seen on all inner strut edges. These high induced velocity locations imply 
synchronized vortex shedding for the flow case, as stated in the preceding. In summary, the analysis provides a clue 
when resonance might occur in the case with flow. Pairs of high pressure regions of opposite signs (±7.6 Pa) are seen 
in between struts for the 3-strut case. These are locations of pressure anti-nodes; the induced velocity anti-nodes 
occur around the struts – thus 6.59 kHz would be a strong resonant frequency.
Induced velocities of lower intensity are also found around the nozzle lips in all simulations. For example, if an 
iso-surface of some other level were plotted in Figs. 16(c) and 17(c), a ring-like structure would appear at the lip 
locations. This prompted the examination of various excitation methods placed on lips, such as inner lip excitation, 
linper(1) or [1], as well as combined inner and outer lip excitations, [1, 1] and [1, -1]. The same procedure described 
for the strut-panel excitation was followed for both nozzles in the frequency range [2 – 5 kHz]. Spectra of average 
pressure as a function of the perturbation frequency for the two nozzles are shown in Fig. 18. Line graphs are staggered 
to avoid overlaps. All ‘lip’ excitations for the 4-strut case in Fig. 18(a) exhibit peaks at the same resonant frequency, 
f = 4.55 kHz. Also shown is the spectrum for strut-panel excitation with a peak at a slightly higher frequency (4.56 
kHz). Most pronounced peak is obtained for dual positive excitation of inner and outer lip [1, 1], followed by driven 
inner lip [1], combined inner and outer lip [1, -1], and finally strut-panel [1, -1]. It may seem that all peaks are 
essentially aligned at the same resonant frequency. However, the difference in cross-sectional pressure distributions 
between lip- and strut-panel excitation prompted closer scrutiny, results of which are described below.  
The 3-strut nozzle, shown in Fig. 18(b), exhibits similar trends. All cases with lip excitation have peaks at 3.46 
kHz, the most prominent is one for the dual inner and outer lip [1,1], followed by inner lip [1], and inner and outer lip 
[1,-1] excitation. One may notice a small pressure hump at about 3.5 kHz, and a pronounced peak at 4.89 kHz. The 
3.5 kHz bump is again slightly shifted in frequency relative to the peaks from the lip excitation. 
Mode shapes corresponding to the spectral peaks of Fig. 18, for the 4- and 3-strut cases are illustrated in Figs. 19 
and 20, respectively. The 4-strut nozzle with ‘lip’ excitation (f = 4.55 kHz) shown in Figs. 19 (a)-(c), features distinct 
octagonal patterns in the outer channel, while the inner channel has almost uniform pressure distribution. This is in 
contrast to the strut-panel excitation case (f = 4.56 kHz) of Fig. 19 (d) with alternating negative and positive regions 
in the inner channel. Therefore, the mode shapes for the lip and strut-panel excitation are completely different even 
though the frequencies are close. This also underscores the fact that the method of excitation is an important factor for 
excitation of specific modes. The significance of these results is that resonances at given frequencies would be 
expected with flow had there been similar perturbation at the lips of the nozzles, e.g., due to Kelvin-Helmholtz 
instability of the efflux shear layers. In the experiment with the 4-strut case (Fig. 5) such resonances are not apparent, 
rather tones linked to Strouhal shedding from the struts dominate the flow.   
The octagonal patterns in Figs. 19(a)-(c) exhibit dual ‘symmetry’ across a diameter containing the opposite struts. 
The distribution with strut-panel excitation in Fig. 19(d), as well as the octagonal distribution seen in Fig. 11(c) for 
8.07 kHz, are characterized by dual ‘antisymmetry’. Peak pressure magnitudes are 8.5, 6 and 3 Pa, for the inner and 
outer lip [1, 1], inner lip [1], and inner and outer lip [1, -1] excitation, respectively. The strut-panel case has peak 
magnitude of 6.3 Pa.  
Mode shapes of the 3-strut nozzle with ‘lip’ excitation (f = 3.46 kHz) shown in Figs. 20 (a)-(c), have hexagonal 
patterns in the outer channel, and uniform pressure distribution in inner channel. This is again in contrast to the mode 
shapes of strut-panel excitation (f = 4.89 kHz) with alternating negative and positive regions in the inner channel as 
illustrated in Fig. 20 (d). Hexagonal distribution is ‘symmetric’ with respect to the strut-axis. The highest-pressure 
magnitudes are 13.4, 6.5 and 2.2 Pa, for the inner and outer lip [1, 1], inner lip [1], and inner and outer lip [1, -1] 
excitation, respectively. Strut-panel case has peak magnitude of 3.8 Pa. Note that the pressure is uniform in the inner 
channel. However, it varies periodically both with phase and axial distance, as illustrated shortly.   
Complex mode shapes with lip excitation [1, 1] are further illustrated with iso-surfaces of pressure (a-b) and 
RMS velocity (c) in Figs. 21 and 22 for 4- and 3-strut nozzles, respectively. The 4-strut case (f = 4.55 kHz) has each 
outer strut centered in the region of high pressure (-8 Pa). An additional high-pressure region of opposite sign (+8 
Pa) is found in the intra-strut space against the walls of the outer channel. These are locations of pressure anti-
nodes; consequently, two anti-nodes of induced velocity are in each outer intra-strut space. Uniform pressure 
distributions of relatively low magnitudes are seen throughout the inner channel. Iso-surfaces of high-level RMS 
velocity (0.01 m/s) are observed on both lips and in the outer channel between struts (Fig. 21c).  
The 3-strut case (f = 3.46 kHz) has each outer strut centered in the region of high pressure (-11 Pa). An additional 
high-pressure region of opposite sign (+11 Pa) is found in the intra-strut space against the walls of the outer channel. 
These are locations of pressure anti-nodes; consequently, two anti-nodes of induced velocity are between each intra-
strut space (Fig. 22c). Uniform pressure regions are seen in the inner channel. Iso-surfaces of high-level RMS velocity 
(0.01 m/s) are observed on both lips and in between struts.  
A sequence of iso-surfaces with varying instantaneous velocity levels is shown in Fig. 23 (a)-(f). At lower values 
up to 0.003 m/s, ring-shaped areas are seen along the center-body, with the back-end shrouded in a three-dimensional 
region. Iso-surfaces are found along the strut leading and trailing edges at 0.002 m/s, and at the strut sides up to 0.004 
m/s. Only upper strut regions are enveloped in the iso-surfaces at all other higher levels. Six small bubble-like 
structures appear around the outer lip perimeter at about 0.008 m/s. They interact with large ribbon-like iso-surfaces 
originating from the back-end at 0.009 m/s to form three closed loops. 
The axial pressure variations within the inner channel along a constant radius line (r = 0.028 m) for lip excitation 
[1, 1] are shown in Fig. 24 for both nozzles. Longitudinal standing waves with pressure anti-node at the nozzle exit (x 
= 0 m) can be observed. One notes that there is some nonuniformity in the wavelengths illustrating that these are not 
simple longitudinal standing waves and complexity is introduced by the presence of the struts.  
V. Conclusions
Two dual-stream nozzle configurations were studied numerically in an attempt to predict the tone appearance and 
ascertain its sources. Previous experimental work on the 4-strut geometry identified inner struts as the source of 
noticeable tones. A coupling between vortex shedding from the struts and acoustic duct modes was found to be the 
most likely mechanism. Present simulations examined the elements of numerical approach, method of excitation, 
metrics of resonance strength, and affected surfaces for the 4-strut nozzle. These results were validated with the 
existing experimental data. The approach was subsequently applied on 3-strut geometry and four excitation methods 
predicting the tones and associated duct modes.  
Results for both configurations and strut-panel excitation indicate a standing wave among the struts. Examination 
of mode shapes at the monitored plane and iso-surfaces of pressure at resonant frequencies finds quadruple, hexagonal, 
and octagonal patterns in the inner channel characterized with alternating positive and negative pressure distributions 
between struts. Patterns for lower frequencies exhibit ‘antisymmetry’ across a plane with the strut-panels. At higher 
resonant frequencies, complex patterns are observed both in the inner and outer channel. Mode shapes do not change 
with the phase; however, pressure magnitudes vary considerably, in particular for the 3-strut geometry. Dual pressure 
peaks appear at all resonant frequencies. The increase in frequency between the apices leads to the mode changes. 
The example of the 4-strut nozzle shows change from octagonal to hexagonal pressure distribution at which 
point the dynamic growth of cell-in-cell returns to the original octagonal pattern. The mode shape corresponding to 
the strongest spectral peak for the 3-strut nozzle exhibit pressure nodes coinciding with the strut locations. This 
suggests that a strong tone is possible for that case with flow due to Strouhal shedding from the struts. Note that this 
frequency (6.59 kHz) is different from the resonant frequencies observed with the 4-strut case.  Thus, the strut 
spacing and distribution seems to play a critical role in dictating the resonance condition. 
Additional excitation methods, such as inner lip [1], as well as combined inner and outer lip excitations, [1, 1] and 
[1, -1], were also examined. The ‘lip’ excitations exhibit peaks at the same resonant frequency, while the strut-panel 
driven response is shifted for both geometries. Peak pressure magnitudes occur for the inner and outer lip [1,], inner 
lip [1], and inner and outer lip [1, -1] excitation, respectively. Octagonal and hexagonal pressure distributions in the 
outer channel and uniform pressure in the inner channel are characteristic of the 4- and 3-strut nozzles, respectively. 
In addition, the mode shapes for the lip and strut-panel excitation are completely different even though the frequencies 
are close. This underscores the fact that the method of excitation is an important factor for excitation of specific modes 
and thereby correctly replicate the fluid dynamic phenomena (vortex shedding) that excites resonance. Both 
configurations exhibit ‘symmetry’ with respect to the strut axis at lower frequencies, and have each outer strut centered 
in the region of high pressure with two RMS velocity anti-nodes in between. 
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(a) Side-view (b) Rear-view (upstream looking downstream)
Fig. 1 Two-stream nozzle. 
Fig. 2 Nozzle schematic: side cutaway. Fig. 3 CAD drawing of the 4-strut nozzle. 
Fig. 4 Tone frequency versus Mj (4-strut nozzle, Ref. 
11). 
Fig. 5 Sound pressure level spectra at four jet Mach 
numbers (4-strut nozzle, Ref. 11) 
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Fig. 6 Computational domain for 4-strut case. 
Monitored plane at the trailing edge of the driven strut. 
Fig. 7 CAD drawing of the 3-strut nozzle. 
Fig. 8 4-strut geometry: driven strut with ‘strut-panel 
excitation’ [1, -1]. 
Fig. 9 3-strut geometry: driven strut with ‘strut-panel 
excitation’ [1, -1]. 
(a) (b) 
Fig. 10 Numerical results: average pressure versus frequency of perturbation (a) 4-strut and (b) 3-strut nozzle. 
(a) (a) 
(b) (b) 
(c) (c) 
(d) (d) 
Fig. 11 4-strut nozzle with strut-panel [1, -1] excitation: 
cross-sectional distributions of pressures at the 
monitored plane (phase,  = 0). Frequency and 
amplitude ranges are: (a) 4.56 kHz,  6.3 Pa, (b) 6.81 
kHz,  1.6 Pa, (c) 8.07 kHz, 6.7 Pa, and (d) 9.55 kHz, 
3 Pa. 
Fig. 12 3-strut nozzle with strut-panel [1, -1] excitation: 
cross-sectional distributions of pressures at the 
monitored plane (phase,  = 0). Frequency and 
amplitude ranges are: (a) 3.43 kHz,  0.63 Pa, (b) 4.89 
kHz,  3.8 Pa, (c) 6.59 kHz,  6.8 Pa, and (d) 9.24 kHz, 
1.5 Pa. 
(a) (a) 
(b) (b) 
(c) (c) 
(d) (d) 
Fig. 13 4-strut nozzle with strut-panel [1, -1] excitation: 
cross-sectional distributions of pressures at the 
monitored plane. Amplitude ranges for f = 4.56 kHz and 
various phases are: (a)  = 0,  6.3 Pa (b)  = 90,  5.4 
Pa (c)  = 180,  6.3 Pa and (d)  = 270,  5.4 Pa. 
Fig. 14 3-strut nozzle with strut-panel [1, -1] excitation: 
cross-sectional distributions of pressures at the 
monitored plane. Amplitude ranges for f = 6.59 kHz and 
various phases are: (a)  = 0,  6.8 Pa (b)  = 90,  
8.6 Pa (c)  = 180,  6.8 Pa and (d)  = 270,   8.6 Pa. 
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Fig. 15 4-strut nozzle with strut-panel [1, -1] excitation: cross-sectional distributions of pressures at the monitored 
plane (phase,  = 0). Frequency and amplitude ranges are: (a) 8072 kHz,  6.7 Pa, (b) 8085 Hz,  4.5 Pa, (c) 8089 
Hz,  2.8 Pa, (d) 8094 Hz,  2.7 Pa, (e) 8098Hz,  3.6 Pa, (f) 8102 Hz,  4.0 Pa, (g) 8111 kHz,  4.2 Pa, and (g) 
8120 kHz,  4.0 Pa. 
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Fig. 16 4-strut nozzle with strut-panel [1, -1] excitation 
for f = 4.564 kHz and  = 0: (a) side view with iso-
surfaces of pressure, (b) oblique view with iso-surfaces 
of pressure, and (c) oblique view with an iso-surface of 
RMS velocity at 0.02 m/s. 
Fig. 17 3-strut nozzle with strut-panel [1, -1] excitation 
for f = 6.592 kHz and  = 0: (a) side view with iso-
surfaces of pressure, (b) oblique view with iso-surfaces 
of pressure, and (c) oblique view with an iso-surface of 
RMS velocity at 0.02 m/s. 
(a) 4-strut nozzle (b) 3-strut nozzle
Fig. 18 Average pressure versus frequency of perturbation for various excitation methods. 
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Fig. 19 4-strut nozzle cross-sectional distributions of 
pressures at the monitored plane (f = 4.55 kHz and  = 
0) for various excitation methods: (a) inner & outer lip 
[1,1], (b) inner lip [1], (c) inner & outer lip [1,-1], and 
(d) strut-panel [1,-1] (f = 4.55 kHz).
Fig. 20 3-strut nozzle cross-sectional distributions of 
pressures at the monitored plane (f = 3.46 kHz and  = 
0) for various excitation methods: (a) inner & outer lip 
[1,1], (b) inner lip [1], (c) inner & outer lip [1,-1], and 
(d) strut-panel [1,-1] (f = 4.89 kHz).
(a) (a) 
(b) (b) 
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Fig. 21 4-strut nozzle with inner & outer lip [1,1] 
excitation for f = 4.55 kHz and  = 0: (a) front view 
with iso-surfaces of pressure, (b) side view with iso-
surfaces of pressure, and (c) front view with an iso-
surface of RMS velocity at 0.01 m/s. 
Fig. 22 3-strut nozzle with inner & outer lip [1,1] 
excitation for f = 3.55 kHz and  = 0: (a) front view 
with iso-surfaces of pressure, (b) side view with iso-
surfaces of pressure, and (c) front view with an iso-
surface of RMS velocity at 0.01 m/s. 
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Fig. 23 3-strut nozzle with inner & outer lip [1,1] excitation for f = 3.46 kHz and  = 0. Side view with iso-surfaces 
of RMS velocity levels: (a) 0.002 m/s, (b) 0.003 m/s, (c) 0.004 m/s, (d) 0.006 m/s, (e) 0.008 m/s, and (f) 0.01 m/s.  
(a) 4-strut nozzle, f = 4.55 kHz (b) 3-strut nozzle, f = 3.46 kHz
Fig. 24 Pressure distribution along inner duct (r = 0.028 m) for inner & outer lip excitation [1,1]. 
